Vegetation can directly affect soil water dynamics through rainfall interception and evapotranspiration. Vegetation type probably is one factor that causes soil hydrophobicity, and hydrophobicity can influence water infiltration and groundwater recharge. Surfactants can be used to alleviate non-wetting conditions. The objectives of this study were to determine the effects of vegetation type on soil water content and groundwater recharge and to explore if a soil-applied surfactant can increase both conditions. The research was located in the Lower Wisconsin River Valley (LWRV), on Sparta sand with three different vegetation ecosystems: prairie, pine plantation, and mixed prairie and forest (mixed vegetation); hydrophobicity has been found to be pronounced under pine plantations in the LWRV. Soil water content was monitored at three depths (5, 25, and 70 cm) with time domain reflectometry. Groundwater recharge was assessed by monitoring wells equipped with pressure transducers. Rain gauges and weather stations were installed to measure precipitation and air temperature. Soil core samples were collected for tests of saturated hydraulic conductivity (K s ) and bulk density (D b ). Surfactant was applied on half of the plots after collecting several years of background data. There was significantly less soil water under the pine plantation than the prairie and mixed vegetation. Groundwater recharge did not vary among vegetation types, probably because differences were obliterated due to high aquifer transmissivity. The pine plantation had less profile drainage; however, the surfactant did not increase profile drainage. There were no differences in K s and D b . The conversion from prairie to pine plantation resulted in reduced soil water content and drainage.
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and Meginnis, 1960; Le Maitre et al., 1999; Scanlon et al., 2005; Zhang and Schilling, 2006) . In Australia, the conversion of woody plants to grasses significantly increased groundwater recharge; this was because of greater water interception by the woody plants and deep roots that extract large quantities of the soil water (Le Maitre et al., 1999) . Also in Australia, the results from multiple studies in deep sandy soils have shown that wetting fronts move significantly more slowly in soils under pine plantations than in soils under shrubs (Le Maitre et al., 1999) . Another effect of vegetation on soil water is the formation of soil water repellency in some vegetation types (Buczko et al., 2005; Doerr et al., 2009; Flores-Mangual et al., 2013) .
Soil water repellency or hydrophobicity is a condition of certain soils in which water is repelled by the soil particles (DeBano, 2000; Doerr et al., 2000) . Some of the identified causes or factors in soil water repellency are the type and amount of soil organic C, particle size distribution, fire events, dry soil conditions, and vegetation type (DeBano and Krames, 1966; DeBano and Rice, 1973; DeBano, 2000; Buczko et al., 2005; Keizer et al., 2005; Vogelmann et al., 2010) . Soil hydrophobicity has been associated with some undesirable soil conditions, for example, reduced soil water content, infiltration, and wetting front movement (DeBano, 1971; Cooley et al., 2009) . Soil hydrophobicity can also promote finger flow or preferential flow of water (Carrillo et al., 2000; Morales et al., 2010) .
A strategy that has proven effective to minimize or correct soil water-repellent conditions is the application of a surfactant (DeBano, 2000; Müller and Deurer, 2011; Madsen et al., 2012 Madsen et al., , 2013 . Cooley (2005) compared the effectiveness of three surfactants on the soil water content in a potato (Solanum tuberosum L.) field on sandy soil in the Central Sands area of Wisconsin. He found that two of the surfactants (Preference [Winfield Solutions] and IrrigAid [Aquatrols Corporation]) increased the soil water content compared with the control treatment (no surfactant). Feng et al. (2002) found that infiltration of water increased in hydrophobic soil after the application of surfactant solutions.
As mentioned above, certain vegetation types have been associated with soil hydrophobicity, for example, chaparral, especially after burning, and turfgrass, potato, prairie, and forest, in particular coniferous forest, can exhibited intense water repellency after extended periods without rain or irrigation (DeBano and Krames, 1966; DeBano and Rice, 1973; DeBano, 2000; Buczko et al., 2005; Buczko et al., 2005; Doerr et al., 2009 ). Scott (2000) found that native grassland soils in South Africa were less hydrophobic than indigenous forest and pine plantations. Likewise, in Wisconsin, it has been documented that there is greater soil water repellency in areas planted with pines than in prairie soils (Richardson and Hole, 1978; Flores-Mangual et al., 2013) .
In particular, in the LWRV there was an increase in soil water repellency intensity in areas converted from prairie to pine plantation (40-yr-old plantation) (Flores-Mangual et al., 2013) . The pine plantation exhibited extreme soil water repellency (water drop penetration time [WDPT] average of 3308 s) at the soil surface, significantly greater than the prairie (WDPT average of 1907 s). Although water repellency decreased with depth, it continued to be significantly greater and extended deeper into the soil profile under the pine (down to 35 cm) than the prairie (down to 10 cm). In addition, prairie areas recently encroached by woody plants (15-yr-old afforestation) had similar hydrophobicity in terms of the degree and soil depth penetrated by hydrophobicity as those prairie areas without encroachment. Other changes because of afforestation with pine plantations in the LWRV include early evidence of podsolization of a Mollisol and increases in potential N mineralization, extractable NH 4 , and available P under pine plantation and prairie encroached by trees (Quideau and Bockheim, 1996, 1997; Scharenbroch et al., 2010) .
One way to examine the soil profile water distribution under field conditions is by evaluating soil water content data collected at fixed time intervals before and after rain events using dataloggers connected to time domain reflectometry (TDR) probes placed at different soil depths (Ferreira et al., 2000; Benavides-Solorio and MacDonald, 2005; Cooley et al., 2007) . From these data, wetting front movement can be estimated by calculating the time it takes from the start of a rain event to the time at which the soil water content increased at a certain depth as measured by TDR probes (Dasgupta et al., 2006) . Many of the soils in the LWRV, as well as in other forested areas in Wisconsin, are sandy, making them susceptible to the formation of water repellency (Auer, 2011) . The effect of afforestation with pine plantations, including increased soil water repellency, an increase in the soil depth affected by water repellency, and groundwater recharge is not thoroughly known in terms of soil water content and movement under field conditions. This information is important to farmers, because farms depend on groundwater for irrigation, and to natural resources managers because the groundwater of these sandy soils feed the Wisconsin River. The objectives of this study were to determine soil profile water recharge into the soil under several vegetation types (prairie; mixed prairie, oak, and jack pine; and pine plantation) and the impact of this on the soil water content and groundwater recharge, including the estimation of evapotranspiration for the different vegetation types. An additional objective was to determine the effects of a surfactant on the soil water content and groundwater recharge.
MATERIALS AND METHODS
The research site is located in the LWRV (43°11¢ N, 89°55¢ W). The soil at this site is a Sparta sand, a mixed, mesic Entic Hapludoll (Soil Survey Staff, 2013) . The soil texture is sand, and drainage is excessive (Hart et al., 1994; Flores-Mangual et al., 2013) . The climate is humid continental, with high seasonal temperature variations. The mean annual temperature is 7.4°C, and the mean annual precipitation is 790 mm (Quideau and Bockheim, 1996) . Soils at this site were developed under native dry prairie vegetation, but part of the area was converted in 1960 to red pine (Pinus resinosa Ait.) and white pine (P. strobus L.) plantations. The understory is scarce, with predominately blackberry (Rubus spp.). In other areas, the prairie is being encroached on by woody plants (Scharenbroch et al., 2010) . The prairie consists of prairie three-awn (Aristida oligantha Michx.), little bluestem (Andropogon scoparius Michx.), moss (Polytrichum piliferum Hedw.) and lichens [Cladonia rangiferina (L.) Weber ex F.H. Wigg] and some trees, mainly black oak (Quercus velutina Lam.) and jack pine (P. banksiana Lamb.). The forest encroachment areas (mixed vegetation) contain grasses similar to the prairie but are dominated by black oak and jack pine. The majority of the encroachment took place during a 15-yr period (Scharenbroch et al., 2010) .
The aquifer in the area is composed of sand and gravel formed from glacial outwash and alluvium with a thin layer (0.6-1.0 m thick) of loess (Hindall and Borman, 1974) . The thickness of the aquifer ranges from 0 to 119 m, although at this research site it is approximately 30.5 m (Hindall and Borman, 1974) . The sand and gravel aquifer lies on top of a sandstone aquifer (0-366 m); the two aquifers are connected (Hindall and Borman, 1974) . The general groundwater flow direction in the area is to the north, toward the Wisconsin River (Hart et al., 1994) .
Six randomly selected 14-by 14-m rectangular plots were established in each of three vegetation types including prairie, mixed prairie including oak and jack pine, and red pine plantation (Fig.  1) . Randomization was achieved by using a table of random numbers to provide random directions using a compass and distance from a reference point at the entrance of the study site. The next plot was selected using the previously selected plot as the reference point, and in the same manner random numbers were used for directions and distances from this point. Soil water content and wetting front movement (TDR response time after a rain event) were measured with CS615-L and CS616-L TDR probes connected to CR10 and CR10X dataloggers (Campbell Scientific) . In 2005 and 2006, one soil pit was dug in the center of each plot for the installation of TDR probes in each plot (3 vegetation types ´ 6 replications = 18 plots) (Fig. 1) . In each soil pit, TDR probes were installed horizontally at depths of 5, 25, and 70 cm (one probe per soil depth). Data from the probes were logged at 30-min intervals during 2006 and every 10 min during 2007 (Datiri and Lowery, 1991 Hart et al., 1994) . The TDR output period was converted to soil water content (m 3 m −3 ) using the equations provided in Campbell Scientific (1996 Scientific ( , 2004 . This equation proved to be accurate for this soil, as the results were crosschecked with calibrations from samples taken from the study site and analyzed in the laboratory (data not shown). In 2007, four wells were installed for groundwater monitoring in each vegetation type (3 vegetation types ´ 4 replications = 12 wells). Pressure transducers connected to the dataloggers (SDX pressure transducer, Stevens Water Monitoring Systems) were installed in each well to approximately a depth of 1.5 m below the water table. They were calibrated by measuring the output values (millivolts) at a known water depth. The pressure transducers were used to monitor changes (10-min time intervals) in the groundwater elevation under the pine plantation, prairie, and mixed prairie and native forest vegetation. Groundwater recharge after a rain event was calculated by multiplying the change in depth of the groundwater (m) by the specific yield (S y ). The specific yield was calculated by saturating a core soil sample and letting it drain for at least 4 h. The equation to calculate S y is y saturated residual
where q saturated is the saturated volumetric water content and q residual is the residual water content obtained after 4 h of drainage. The estimated S y was 0.346. The groundwater flow direction was determined using a GPS (GPS 1200, Leica Geosystems AG) to ascertain the elevation and georeference of each well. The GPS data allowed construction of a surface topographic map of the area. The topographic data, when combined with groundwater data, allowed complete analyses of the groundwater flow. The groundwater data were used to assess groundwater recharge rates and changes in the groundwater elevation as impacted by the different vegetation types.
In 2004, tipping bucket rain gauges connected to dataloggers (HOBO Event Logger, Onset Computer Corp.) were installed in the prairie to determine precipitation. The rainfall intensity during 1 h was determined by dividing the amount of water (mm) by the duration (h) of the storm. After 2004, air temperature and solar radiation data were collected from installed micro weather stations (HOBO Micro Station Data Logger, Onset Computer Corp.). The amount of water intercepted by the pine canopy was estimated with three rain gauges located below the canopy of the pine plantation installed during the summer of 2008. These data were collected to provide a rough estimate of the amount of water intercepted by the pine canopy. Total (unintercepted) rainfall was determined from rainfall data collected in the prairie plots.
To test the effects of a soil-applied surfactant on the soil water content, three plots were randomly selected for surfactant application out of the six from each vegetation type, while the other three plots were used as the controls. A proven effective nonionic surfactant at a concentration of 20% (IrrigAid, Aquatrols Corp.) and 80% water was applied on 29 May 2008 to the soil surface of selected plots using a spray nozzle and backpack sprayer at a rate of 9.35 L ha −1 (Cooley et al., 2009 ). The surfactant was sprayed from approximately 35 cm above the soil surface, and the spraying was conducted by walking through the plot at a rate such that all the plot was wetted evenly.
In addition to the field measurements, three undisturbed soil samples at three depths (5, 25, and 70 cm) were collected from the soil pits where the TDR probes were installed, using 7.62-cm-diameter by 7.62-cm-long core samplers. These samples were used to determine the soil bulk density (Grossman and Reinsch, 2002) , saturated hydraulic conductivity (K s ) ( Johnson et al., 2005) , and soil water characteristic curves (one for each soil depth) (Dane and Hopmans, 2002 ). The K s data were obtained using a falling-head column fitted with a pressure transducer calibrated to measure the water height in the column. Soil characteristic curves were measured using an individual porous plate for each sample and a vacuum pump and pressure regulator to apply specific constant negative pressure (McGuire and Lowery, 1992) . Bulk density was measured by weighing the soil after drying in a convection oven for 48 h at 105°C.
The volumetric soil water content (q v ) analyses were done for weekly averages of each growing season individually. The data discussed here were selected from periods when the air temperature was consistently above the freezing point of water (growing season).
Rain Events
The rain events selected represented storms of different magnitudes. The rainfall events by days of the year selected were: The data analyzed for each selected rainfall event were daily q v before and 48 h after a rainfall event, the increase in soil water content (Dq v ), and the TDR response time. The Dq v is the difference between the water content immediately before the rainfall event and the peak of the increase in water content after the rainfall event. The TDR response time is the time difference between the beginning of the rain event and the moment the soil water content began to increase. The daily q v data before and 48 h after a rainfall event were analyzed individually for each year. Data selected for analyses from the monitoring wells were the change in depth to the groundwater table and the time of pressure transducer response during the selected rain events. Groundwater flow was inspected using a graphic computer program (Surfer 8, Golden Software) that performed a kriging interpolation of the well groundwater elevations. Two analyses were done for a rain event on Day 164 in 2008 (before precipitation and at the peak rise in the groundwater level after precipitation).
Water Budgets
Water budgets were developed for two rainfall events. Daily evapotranspiration and drainage were estimated using a series of equations from Nachabe et al. (2005) for TDR data. The first equation calculates the total soil moisture (TSM, m 3 m −2 ), also known as the depth of water, at a given time:
where z is soil depth and q is volumetric water content at a given depth. The first point, z 1 , and q 1 are the depth from 0 to 5 cm and the volumetric water content at that depth, respectively. For rain-free days, we can estimate subsurface flow either from or to the groundwater and evapotranspiration using (Nachabe et al., 2005) TSM
where TSM is the total soil moisture, t is the time (h), Q is the subsurface flow rate (m h −1 ), and ET is the evapotranspiration (m h −1 ). To calculate Q, we assumed that the ET from midnight to 4 AM is negligible. Thus, from Eq. [3], Q is defined as
where TSM 4AM and TSM midnight are the total soil moisture measured at 4 AM and at midnight, respectively. The number 4 comes from the 4 h between the two measurements. Finally, ET can be calculated from 1 ET TSM TSM 24
Evapotranspiration equals the total soil moisture for 1 d (TSM j ) minus the TSM of the next day (TSM j+1 ) plus 24 h multiplied by Q. This equation is valid for rain-free days only. For rainy days, an estimate was made to determine the amount of water storage in the vegetation canopy by calculating the difference in the rain gauge data from the prairie and the rain gauges in the pine plantation. The water balance equation was formulated for drainage:
where D w is the drainage rate (mm d −1 ); P is the precipitation rate (mm d −1 ); I is the irrigation rate (mm d −1 ), which in this case was zero; ET is the evapotranspiration rate (mm d −1 ) calculated from the equations presented by Nachabe et al. (2005) ; INT is the interception rate of precipitation (mm d −1 ), which is the difference between the total amount of rainfall and the increase in the depth of soil water during the rainfall event, determined using rain gauges located below the pine canopy; RO is runoff, which is considered zero for Sparta sand (Lowery et al., 1998) ; and DS is the change in soil water storage with time, estimated by calculating the change in the depth of water remaining after a period of drainage. For the purpose of this water balance, the amount of stem flow in the forested areas was considered to be negligible. The water balances were compared with water values calculated using an analytical water redistribution equation developed by Gardner et al. (1971) and adjusted under field conditions for Sparta sand by Hart et al. (1994) :
where q v(avg) is the mean profile water content, t is the time (min), and a, b, and c are constants. These constants are closely related to diffusivity and capillary conductivity ( Jury et al., 1991, p. 122-158) . To determine these constants, Hart et al. (1994) saturated unvegetated soil in the field and then covered it with plastic. They monitored the soil water content and the water potential of a 1.55-m profile with installed TDRs and tensiometers. Then they fitted the TDR soil water content data to an equation and estimated the constants. The parameters values were a = 0.261, b = 0.1475, and c = 2.3. By multiplying q v (avg) values with the depth of the soil profile, this equation yields the depth of soil water. All data were analyzed using repeated measures analysis of variance (ANOVA), with the covariate structure that best fit each individual data set (Littell et al., 1998; Proc Mixed, SAS Institute, 2004) . Each of the three vegetation types was considered a treatment. A multiple comparison procedure (LS means) was performed for all pairs of means when interactions were significant (p < 0.05).
RESuLTS AND DISCuSSION
Soil Hydraulic Conductivity, Bulk Density, and Characteristic Curve Both soil K s and bulk density (D b ) varied significantly with soil depth (Table 1 ). The K s was greater at the 70-cm depth than the 0-and 25-cm depths (Table 1) . However, all three depths had K s values of the same order of magnitude (10 −2 cm s −1 ). The D b increased significantly with depth from 1.49 g cm −3 at 0 to 7.5 cm to 1.59 g cm −3 at 70 to 77.5 cm. Only three soil water characteristic curves were evaluated by depth (Fig. 2) . These curves were similar to the ones derived by Hart et al. (1994) in Sparta sand under field conditions.
Soil Water Content during 2006 and 2007
In both 2006 and 2007, the growing season q v average was significantly greater at the 25-than the 5-and 70-cm depths (Table 2 ). This could be the result of preferential flow, where water passes the hydrophobic top layer without being retained ( Ritsema et al., 1997) . Preferential flow is observed in soils with patches of water repellency, especially during antecedent dry conditions (Hardie et al., 2011; Morales et al., 2010) . In 2006, the season average q v was significantly smaller in the pine plantation than the prairie and mixed vegetation treatments (Table 3) . Quideau (1994) also found, in the same study area, that the pine plantation had a significantly lower soil water content than the prairie. In 2007, there were no differences in season average q v among vegetation types.
The effects of different amounts of rainfall on q v are discussed within the selected rainfall events. In 2006 and 2007, the soil water content before and after a rainfall event were significantly greater at the 25-cm depth (Table 4 ). This agrees with the analysis of water content for the whole year. In 2006, q v was significantly greater at the 5-cm depth 48 h after than before the rainfall event, while in 2007, the q v values were greater 48 h after the rain event at the 25-and 70-cm depths. Water did not reach 70 cm during the rainfall event of 2006.
For the 2006 rainfall event, the soil water content was significantly less in the pine plantation than the other vegetation types, probably because of tree canopy rainfall interception (Table 5 ). The water content was significantly greater under the mixed vegetation than the pine plantation and prairie for the rainfall event of 2007. From the graphs of the rain events, grouped by soil depth (Fig. 3 and 4) , the slope of the increase in soil water content was steeper at 5 cm for all vegetation types and less steep with subsequent depth. Also, during both rain events, q v increased rapidly and declined rapidly following peak intensities until it stabilized into a small or negligible decrease in soil water content. This was documented by Hart et al. (1994) for Sparta sand, where 85% of the soil water was redistributed during 24 h of drainage after saturation. Also, in the graphs the soil water content appears to be consistently smaller in the pine than the other vegetation types before and after both rain events.
The (Fig. 3) . Daily fluctuations are evidence of water uptake by plants. There was no soil water fluctuation or increase at 70 cm. In contrast, in 2007 the soil water content increased at 70 cm during rainfall (Fig. 4) .
Increase in Soil Water Content during Selected Rainfalls of 2006 and 2007
The increase in soil water content (Dq v ) in the rainfall event of 2006 was significantly less at the 25-than the 5-cm depth (Table  6) In both rain events, it took between 1 and 2 h for water to reach 5 cm and 4 h to 25 cm. However, the TDR response time was not significantly different between the 5-and 25-cm depths (Table 8 ). In 2007, the water reached the 70-cm depth 11 h after the start of the rain event. This fast upper profile wetting front movement could have been caused by preferential flow, but it could also have been because of the high water conductivity nature of the Sparta sand. In laboratory experiments, it has been shown that preferential flow increases with an increase in the degree of soil water repellency (Carrillo et al., 2000) . However, under field soil conditions, preferential flow can vary not only with the degree of water repellency but with rain intensity, developing more during high-intensity rain events (Ritsema et al., 1997) . The degree of soil hydrophobicity, and thus preferential flow, can also vary under natural conditions depending on the soil water content (Hardie et al., 2011) . In Sparta sand, the major force determining soil water flow is gravity, producing high percolation rates and drainage (Hart et al., 1994) .
Under natural settings, soil water repellency can switch from hydrophilic to hydrophobic when the soil dries and from hydrophobic to hydrophilic when the soil becomes sufficiently wet (Morales et al., 2010) . Preferential flow is more likely to occur in soils susceptible to water repellency with dry antecedent water conditions prior to rain events or irrigation (Täumer et al., 2006; Hardie et al., 2011) . Wessolek et al. (2008) found that during spring snowmelt in a sandy hydrophobic soil, the soil reverted to hydrophilic, exhibiting piston-like water flow through the profile during rain events. However, as the growing season progressed, the soil profile became drier, reverting back to hydrophobic conditions exhibiting preferential flow and causing the subsoil to reach field capacity before the topsoil. All the selected rain events in the study had antecedent dry conditions, thus increasing the likelihood that greater water contents in the subsoil (25 cm) than in the surface (5 cm) during rain events were the result of preferential flow caused by soil water repellency.
Effect of Surfactant Application on Soil Water Dynamics
The growing season average soil water content in 2008 was only significantly different among soil depths ( Table 2) In the graph of the rainfall event on Day 164, 2008, although there were no significant differences for the effects of the surfactant, it can be seen that for the pine and the prairie, there were greater water contents for the surfactant plots at the 5-cm depth than for the controls of each vegetation type (Fig.  5) . However, the control in the mixed vegetation plots at the 5-cm depth had greater soil water contents. These differences between control and surfactant plots, with few exceptions, were not observed at depths of 25 and 70 cm. During the rain events between Days 192.5 and 195 there were similar results as for the rain event of Day 164 in soil water content between the control and surfactant plots for the prairie and mixed vegetation; for the pine at 5 cm, no differences in soil water content can be observed between surfactant and control plots (Fig. 6) . Also, during the rain event on Day 192.5 there was greater soil water content in the control than in the surfactant plots of the mixed vegetation at 25 cm. As for the rain event of Day 164, there were no significant differences for the effect of surfactant for any vegetation type. However, pine was significantly lower than prairie and mixed vegetation for most of the time data points.
Also, during both of these rain events in 2008, the soil water content at 25 and 70 cm did not increase until the bulk of the precipitation had occurred, between Days 166.6 and 166.7 for the rainfall on Day 164 and between Days 193.0 to 193.1 for Day 192 in 2008. The water content during the rainfall events was less in the pine than the other vegetation types regardless of the treatment (Table 5 ). Once again, the soil water content was greater at 25 cm during both rainfall events (Table 4) .
There were significant differences in Dq v for the effects of vegetation type, soil depth, and some interactions including surfactant ´ vegetation type ´ soil depth and year (Table 9 ). To verify if the application of the surfactant had any effect on Dq v during rain events, a means comparison analysis was done for the interaction of surfactant ´ vegetation type ´ soil depth and year (Table 10 ). This comparison showed that the control and surfac- tant plots continued to be equally different after the surfactant application on year 2008. For example, the Dq v in the pine control was greater than in the pine surfactant plots during 2006 (before surfactant application) and during 2008 (after surfactant application). For this reason, we concluded that the surfactant application did not have an effect on Dq v and thus decided that interactions of rainfall event ´ soil depth and vegetation type ´ year were better comparisons for assessing differences (Tables 6-8) .
As expected, the storms in 2008 had greater Dq v values than those of the previous years (2006 and 2007) because both were severe storms (Table 6) (Table 8 ). The rain intensity seems to be the reason for these differences because, although both rainstorms had similar total precipitation (>100 mm), the rain intensity (8.0 mm h −1 ) in the storm on Day 164 was twice that of the storm on Day 192. The TDR response times were similar for all storms, regardless of the rainfall amount and intensity. With the exception of Day 290 in 2007, it took around 1 h for water to reach 5 cm, 2 to 4 h to reach 25 cm, and 7 to 10 h to reach 70 cm (Table 8) .
Although the surfactant had no effect on the change in soil water content and TDR response time, it seems to have improved the average soil water content, at least in the soil surface layer in the prairie (during both rain events of 2008) and the pine plantation (only during the first rain event of 2008). However, this greater soil water content at the soil surface did not translate into greater soil water contents in subsurface layers and possibly did not improve soil water drainage and groundwater recharge. This suggests that the surfactant remained mostly in the upper layers of the soil profile. Moreover, the surfactant did not change the behavior of greater soil water contents in the subsurface (³ 25 cm), which was possibly caused by preferential flow. This was also observed It has been observed that a surfactant can reduce the formation of preferential flow in water-repellent soil, modifying water movement into an even flow (Oostindie et al., 2008) . In the case of the pine plantation, the effect of the surfactant was not detected at the second rain event of the 2008 growing season. This is possibly because of the shorter lifespan of effectiveness of the surfactant in the extreme soil water repellency of the pine plantation. The improvement in soil water content with the surfactant, although limited, could prove not only beneficial to the growth of the current vegetation but also in cases of changes in vegetation and land use. For example, many areas with old pine stands in the LWRV after harvest have been used for farming, while other areas have been proposed for habitat restoration to native vegetation (Hyde et al., 2011) . Soil water repellency can limit seedling establishment in habitat restoration, and the addition of a surfactant has proven effective in increasing plant biomass and soil water content (Darboux et al., 2008; Madsen et al., 2012 Madsen et al., , 2014 .
Depth to Groundwater
The (Table 11 ). This difference in time could be because the bulk of the precipitation for the rain event in 2007 was at the beginning, while for Day 164 in 2008 and Day 192 in 2008 it was in the middle of the storm. There was no evidence of direct water uptake by plants because there were no daily fluctuations in water table elevations (Fig. 7,  8 , and 9). Diurnal fluctuations of the water table are a good indication of this process (Loheide et al., 2005) . Pine plantations have been documented to tap into the groundwater as far as 6 m (Le Maitre et al., 1999) .
There were differences in the depth to groundwater among the wells. These differences appear to be caused by the position of the wells on the landscape. For example, the Pine 1 and 2 wells were located to east of the Pine 3 and 4 wells, the difference in depth to groundwater between Pine 1 and 2 wells and Pine 3 and 4 wells was approximately 0.8 m (e.g., depth to groundwater was around 2.1 m for both Pine 1 and 2 wells, while for Pine 3 and 4 wells was 2.9 m (Fig. 7) .
Although statistical analysis of the change in depth to groundwater yielded no differences among vegetation types, this does not necessarily mean that each vegetation type produced the same amount of groundwater recharge. It could be that because of the high soil saturated hydraulic conductivity (0.012-0.023 cm s −1 ) and transmissivity, the groundwater moves laterally so fast that any difference in water recharge leveled off quickly.
The water flow direction did not change with the rain events (Fig. 10) . The general direction of the water flow was to the northeast, which is directly toward the Wisconsin River, although some vectors point toward a nearby white pine plantation to the east of the study site (Fig. 10) . However, there is no clear pattern of groundwater flow direction associated with any particular vegetation type. Water balances were conducted to get a better idea of how much water drained into the groundwater for each vegetation ecosystem.
Water Balance
In Sparta sand, the matric potential has little influence on soil water flow; thus, gravity is the major force in water movement. Consequently, most of the water moves down the soil profile as drainage (Hart et al., 1994) . Thus, for the purpose of this water balance exercise, it was assumed that the water flow direction was vertical. Rainfall events on Days 164 and 192 of 2008 were selected for water balance construction using TDR and rain gauge data. These rainfall events were selected because they were significantly different among vegetation types for Dq v and the time at which water reached the 70-cm depth. The water balance for the rain event on Day 164 in 2008 was calculated for a period of 2 d. The rainfall event on Day 192 in 2008 was divided into two water balances because it had two distinct periods of precipitation activity: (1) the rainfall event for Day 192 A from Days 192.7 to Table 11 . Test P values for the effects of change in depth to groundwater from the soil surface (DD) and pressure transducer response time (PTR, the time it takes from the start of a rain event to a response in the pressure transducer measuring the groundwater in the wells) after selected rain events and average DD and PTR values. 194; and (ii) the rainfall event for Day 192 B from Days 194 to 196 (Fig. 6 ). This division improved the estimate of total drainage for this storm.
The ET values calculated using the Nachabe et al. (Brye et al., 2000) ; 2.0 cm wk −1 or 2.86 mm d −1 for oak-hickory and grassland (Luxmoore et al., 1977) ; and 1.9 to 2.6 mm d −1 for a mature red pine plantation in northern Wisconsin (Sun et al., 2008) .
The change in soil water storage (DS) with rainfall on Day 162 in 2008 was almost the same for all vegetation types, approximately 13 mm at 24 h and 5.3 to 6.9 mm after 48 h (Table 12) . However, the amount of drainage was less in the pine plantation than the other vegetation types during both times. During this rainfall event, most of the drainage occurred within 24 h. This concurs with the findings of Hart et al. (1994) that in Sparta sand the majority of soil water drainage occurs during the first 24 h of drainage.
The water drained at 48 h was 57, 55, and 44% of precipitation for prairie, mixed vegetation, and pine, respectively. Interception seems to be the main cause of this difference, with values of 49, 39, and 36% for pine, mixed vegetation, and prairie, respectively (Table 12 ). The interception calculated using rain gauges agreed with that estimated with the soil water data in the pine plantation for this rainfall event.
During the first period of rainfall for the storm event on Day 192 in 2008, mixed vegetation and prairie had interception rates similar to the storm on Day 164 in 2008 (Table 13 ). The interception was 74, 49, and 47% for pine, mixed vegetation and prairie, respectively. However, the pine plantation had much greater interception during this rain event than during the event on Day 164 in 2008.
Wind speed and rain intensity could account for the difference in water interception. Greater wind speeds could result in more precipitation getting through the canopy, while high rain intensity could saturate the canopy quickly, offsetting evaporation from the intercepted precipitation. The rain intensities were 8.0 and 7.0 mm h −1 for the rain event on Day 164 and the first period of rainfall on Day 192, respectively. This difference in rain intensity may be responsible for the observed difference in interception. Wind speed was not measured in the study area; therefore, data were retrieved from a weather station located in the nearby town of Spring Green, WI (approximately 10 km from the site, which is at Arena, WI). The wind speed values were: (i) 2.35 m s −1 average and peak of 13.8 m s −1 for the first period of rainfall on Day 192, and (ii) 1.65 and 13.2 m s −1 average and peak speed, respectively, for Day 164 in 2008. After examining the data, wind speeds were greater during the rain event on Day 192 of 2008, which had greater water interception than the one on Day 164, thus wind speed does not appear to be responsible for this difference.
Also, in the first period of rainfall for the storm event on Day 192 in 2008, the interception rate in the pine plantation determined with a rain gauge was smaller than the calculated interception, a difference of 16.8 mm. This difference between calculated and rain gauge interception rates could be partially attributed to the interception of water by the leaf litter and water repellency. Putuhena and Cordery (1996) developed an equation to determine the amount of water intercepted by pine litter using the litter thickness (water interception by litter [mm] = 0.011 + 0.962 ´ litter thickness [cm] ). The pine plantation litter thickness was between 7 and 8 cm (Quideau and Bockheim, 1996) . For the purpose of this calculation, an average of 7.5 cm was used, resulting in 7.2 mm of potential water interception by needle litter. The remaining difference in water (9.6 mm) between calculated and measured interception could be explained by interception by the understory, mostly blackberries, and by the high degree of water repellency of the soil surface. The amount of water drained at 48 h for the first period of rainfall of the storm on Day 192 of 2008 was 11.2, 33.5, and 41.5 mm for pine, mixed vegetation, and prairie, respectively.
The second period of rainfall on Day 192 in 2008 occurred 16 h after the end of the first rainfall of the storm on Day 192 (Fig. 6) . The first rainfall of the storm resulted in a significant increase in soil water content before the start of the second period. To determine if these values were greater than field capacity, the average soil water content at field capacity was calculated using Hart et al. (1994) , from the equation of Gardner et al. (1971) and prairie (0.097 m 3 m −3 ) were greater than the field capacity at the beginning of the second rainfall on Day 192. This suggests that in both these vegetation types the soil was not able to hold any additional water. Moreover, water was still draining from the first period of rainfall when the second period started. This coincides with the negative values of DS at 24 and 48 h in both mixed vegetation and prairie (Table 14) .
There was less interception during the second period of rainfall on Day 192 in 2008, especially in the mixed vegetation, where only 19% of the precipitation was intercepted (Table 14) . The pine also had less interception, with 52%. The tree canopy and leaf litter should have been at least partially wetted, making their capacity for interception less pronounced than in the first period of rainfall. However, in the prairie, it seems that the vegetation and the grass residues dried enough to hold a similar percentage of water (45%) as during the first rainfall period. Depending on the amount of precipitation, the grass residue could intercept as much as 72% of the incoming rainwater (Brye et al., 2000) .
Similar to the other drainage estimates, the amount of drainage at 48 h in the pine plantation (11.8 mm) was smaller than in the mixed vegetation (29.1 mm) and prairie (21.2 mm). This agrees with the results of Le Maitre et al. (1999) that converting woody plant areas to grasses significantly increases groundwater recharge. Two of the most important factors in this change are the decrease in water interception and changes in the evapotranspiration rate. In our study, although grass was being converted into woodlands, the main factor in soil water storage seems to be the differences in soil water change due to the interception of water. Rain gauges in the pine showed that at least part of the interception could be attributed to forest litter and possibly to an increase in soil water repellency.
The Hart et al. (1994) equation estimated no water left in the soil after 48 h. However, in this study 48 h after both rain events there was still water retained in the soil (Tables 12-14) . Finally, water drainage determined from the water balance exercise was smaller than the recharge calculated from well data. For example, on Day 164 in 2008, drainage under the mixed vegetation, which was the greatest among the vegetation types, was 71.4 mm, while recharge calculated from the well data was 115 mm.
CONCLuSIONS
Soil water content was consistently less for the pine plantation than for other vegetation types. The mixed vegetation and prairie had similar soil water contents. However, during a small rainfall event, there was a greater increase in soil water under the mixed vegetation, although during severe storms both the prairie and mixed vegetation had a greater increase in water content than the pine plantation. Hence, forest encroachment into the prairie during approximately 15 yr does not appear to behave differently than the prairie in terms of soil water storage. However, 192, 2008, for a period of 31 h during and following the rain event, including  precipitation (Precip.), increase in the depth of water (DDepth of water) following the rain event, interception (precipitation minus DDepth of water), interception by pine trees as determined by rain gauges, evapotranspiration (ET) estimated with the equations of Nachabe et al. (2005) , change in storage (DS) in 31 h, and the water drained in 31 h (initial DDepth of water minus DS 31 h).
Vegetation
Precip.
DDepth of water Interception

Interception with rain gauges ET
DS
h
Total water drained 31 h ------------mm ------------mm d −1 ----mm ---- Hart et al. (1994) , from the equation of Gardner et al. (1971) this could change with time as the forest matures because of increasing canopy and litter interception and perhaps because of increases in soil water repellency.
Groundwater recharge, as determined by the water balance exercises, was less for the pine plantation than the mixed vegetation and prairie. The causes for this difference are mostly related to water interception in the pine canopy and associated ground cover; this included not only the interception of trees but possibly interception by tree litter and bypass flow caused by a greater soil water repellency. During low-intensity rainfall events, all vegetation behaved similarly, with minimal groundwater recharge or no water reaching to the 70-cm depth. The groundwater recharge calculated from the monitoring wells did not vary among vegetation types, probably because any differences were obliterated quickly by the high transmissivity of the sandy aquifer.
The amount of soil water in the upper soil layer (0-5 cm) seemed to be greater in plots where the surfactant was applied in the pine and prairie during some rain events. This could be positive for plant growth and for farming or habitat restoration efforts in areas where old pine stands have been harvested. However, there was no evidence that the surfactant treatment improved the amount of water drained during the studied rainfall events. Also, surfactant application did not increase the 2008 average soil water content. The application rate used for the treatment (9.35 L ha −1 ) was design for tilled soil before potato planting. An increase in this rate and/or additional applications could increase the soil water at deeper depths (>25 cm) and promote drainage and groundwater recharge, especially in areas were the ground is covered by needles and leaf litter.
In conclusion, the conversion of prairie to pine plantation had a negative effect on soil water content and, probably, groundwater recharge. There appears to be a combination of effects, including precipitation interception by canopy and litter and possibly an increase in soil hydrophobicity. Future works should concentrate on partitioning precipitation into that intercepted by the canopy, hydrophobicity, and litter. This could be done by installing pan lysimeters below the needle or leaf litter and additional lysimeters below the soil hydrophobic layer.
